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FOREWORD 


This  document  is  the  final  report  for  U.S.  Army  Research  Office  contract  number 
DAAL03-88-K-0020  and  associated  equipment  grant  DAAL03-88-G-0001,  which 
correspond  to  the  proposal  entitled  Limited  Reaction  Processing  for 
Semiconductor  Materials  Preparation.  Limited  Reaction  Processing  (LRP)  is  a  layer 
deposition  technique  based  upon  a  combination  of  rapid  thermal  processing  (RTP)  and 
chemical  vapor  deposition.  Under  this  contract,  the  versatility  of  LRP  has  been 
demonstrated  in  research  on  epitaxial  growth  in  three  different  materials  systems:  Column 
IV  (Si/Sii.xGex),  III-V,  and  II- VI  semiconductors.  This  work  has  spurred  research  at 
several  other  laboratories  in  the  area  of  epitaxial  growth  and  applications  involving  RTP 
techniques,  particularly  in  the  Si/Sij.xGex  materials  system. 

The  problems  addressed  in  the  research  performed  under  this  contract  fall  into  two 
broad  categories: 

1.  understanding  the  fundamental  relationships  between  the  conditions  for  the 
materials  growth/processing  and  the  resulting  material  and  electrical  characteristics  of  the 
epitaxial  layers  (enabling  processes  to  be  developed  which  optimize  device  performance), 
and 


2.  exploring  in  detail  promising  new  device  applications  which  utilize  the  unique 
structures  fabricated  by  this  technique  (e.g.  basic  device  physics  of  the  Si/Si i-xGex 
heterojunction  bipolar  transistor). 

This  report  constitutes  a  brief  summary  of  research  performed  under  the  above 
contract.  Part  1  contains  a  summary  of  the  most  important  results  including  references  to 
publications.  Pan  2  is  a  complete  list  of  publications  resulting  from  this  contract  period. 
Parts  3  and  4  list  participating  scientific  personnel  and  inventions. 
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Part  1 


Summary  of  the  Research 


The  following  three  sections  contain  a  summary  of  the  most  important  results  of  the 
research  performed  under  this  contract.  Research  on  epitaxial  growth  has  been  conducted 
using  three  LRP  reactors  fabricated  at  Stanford.  These  are  dedicated  to  Column  IV,  III-V, 
and  II- VI  materials.  The  II-VI  reactor  was  constructed  as  pan  of  this  contract.  The  other 
two  machines  were  upgraded  in  order  to  perform  this  research.  The  emphasis  of  the  work 
on  Column  rv  materials  has  been  the  fabrication  and  analysis  of  Si/Sii.xGex  heterojunction 
bipolar  transistors,  as  well  as  understanding  the  fundamental  materials  properties  of  these 
strained  layer  structures.  In  the  III-V  area  we  have  performed  a  detailed  analysis  of 
interrupted-growth  interfaces.  In  II-VI  materials  growth,  the  major  problem  to  be 
addressed  is  obtaining  control  over  doping,  composition,  and  thickness  uniformity  during 
growth.  A  new  technique,  which  is  a  combination  of  LRP  and  atomic  layer  epitaxy  has 
been  explored. 


1.1  Column  IV  Highlights 

The  following  is  a  brief  list  of  achievement  highlights  in  our  work  on  Sii.xGex/Si 
growth,  and  heterojunction  bipolar  transistor  device  applications.  In  this  work  we  utilized 
the  facilities  of  the  Solid  State  Lab,  Stanford  Center  for  Integrated  Systems,  and  the  Center 
for  Materials  Research.  In  addition,  much  of  the  work  was  carried  out  in  collaboration 
with  Hewlett-Packard  Circuit  Technology  R&D,  in  Palo  Alto,  CA. 

•  fabrication  and  analysis  of  the  first  Si/Sii-xGex  heterojunction  bipolar  transistors 
(HBTs)  produced  in  CVD-grown  material.  HBTs  with  moderately  doped  bases 

(=7  x  1018  cm'3)  and  emitter  areas  of  30  x  30  pm2  have  current  gains  of  250  to 
400,  in  the  range  of  InA  up  to  10  mA.  We  also  found: 

-  nearly  ideal  current  characteristics 

-  measured  valence  band  offsets  in  good  agreement  with 
published  calculations 

-  the  first  quantitative  measurements  of  the  effects  of  strain  relaxation  on 
band  offsets  and  HBT  device  performance 

•  fabrication  and  analysis  of  fine  geometry  HBTs  with  heavily  doped  (up  to  1020 
cm'3)  Sii-xGex  base  layers.  Although  relatively  simple  device  structures  were 
used,  a  cut-off  frequency,  Ft  of  approximately  28  GHz  and  Fmax  of 
approximately  35  GHz  was  achieved.  This  is  the  highest  Fmax  published  for 
Si/Si].xGex  HBTs  to  date. 

•  demonstration  of  selective  growth  of  Si  and  Sii.xGex  on  oxide  patterned 
wafers.  Selectively-grown  p-Sii.xGex/n-Si  diodes  were  fabricated,  f Selective 
epitaxial  growth  provides  an  important  opportunity  for  reducing  parasitics ). 
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•  measured  misfit  dislocation  velocities  using  hot-stage  transmission  electron 
microscopy.  Velocities  are  similar  for  LRP  and  MBE  grown  layers. 

•  complete  analysis  of  the  effects  of  oxygen  doping  on  the  mechanical  and 
electrical  characteristics  of  Sij.xGex  layers.  A  high  concentration  of  oxygen 

(=  2  x  1020  cm-3)  produces: 

-  substantial  enhancement  in  thermal  stability 

-  degradation  of  minority  carrier  lifetimes 

•  development  of  a  new  technique  for  extraction  of  minority  carrier  lifetimes  in 
very  thin  Sii_xGex  layers. 

•  performed  experiments  which  contribute  to  the  understanding  of  misfit 
dislocation  formation: 

-  an  epitaxial  Si  cap  (emitter)  inhibits  misfit  dislocation  formation 
during  high  temperature  annealing  (joint  HP/SU  patent  application). 

-  selective  growth  of  SiGe  in  small  windows  on  oxide-patterned 
wafers  results  in  fewer  dislocations  (joint  HP/SU  patent  application). 

-  2xl020  cnr3  oxygen  slows  dislocation  formation  during  annealing  and 
increases  the  thickness  to  which  strained  layers  can  be  grown  before  the 
onset  of  misfit  dislocation  formation. 

-  during  growth,  the  onset  of  misfit  dislocation  formation  is  comparable  in 
MBE  and  LRP-grown  films. 


1.2  III-V  Highlights 

In  the  past,  our  III-V  research  has  focused  on  the  growth  of  GaAs  and  AlGaAs 
using  metal  organic  chemical  vapor  deposition  (MOCVD).  This  work  has  several  unique 
features  which  distinguish  it  from  other  studies,  including:  (1)  organometallic  arsenic 
sources  are  used  in  place  of  arsine,  (2)  the  quartz  reaction  chamber  can  be  configured  for 
precracking  of  the  Column  V  precursors  if  necessary,  (3)  the  reactor  is  designed  to  allow  a 
direct  and  fair  comparison  of  temperature  switched  growth  (LRP)  and  conventional  gas 
flow  switching.  The  use  of  organometallic  (OM)  arsenic  sources  is  motivated  in  part  by 
safety  considerations  associated  with  arsine.  Initial  experiments  on  the  material  and 
electrical  quality  of  LRP-grown  GaAs  were  hampered  by  the  high  impurity  content  of 
organometallic  arsenic  sources.  The  availability  of  high  purity  sources  (such  as 
tertiarybutylarsenic)  in  the  past  several  years  has  enabled  us  to  perform  detailed  studies  in 
this  area.  Temperature  switched  growth  of  GaAs  offers  the  prospect  of  more  efficient  use 
of  the  Column  V  source  (lower  gas  flows  compared  to  conventional  techniques,  for  an 
equivalent  or  higher  degree  of  interface  abruptness). 


Application  of  LRP  to  III-V  material  growth  in  the  past  three  years  includes  the 
following  accomplishments: 
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•  Growth  of  high  quality  GaAs  using  tertiarybutylarsenic  (TB As)[Indicates  that 
growth  of  device  quality  GaAs  is  possible  with  TBAs .] 

•  Demonstration  of  growth  of  AlGaAs/GaAs  multilayer  structures  with  abrupt, 
smooth  interfaces,  and  high  material  quality  using  TBAs.  [S/20W5  LRP  is  a 
viable  growth  technique  for  fabrication  of  III -V  multilayer  structures.} 

•  Completion  of  a  systematic  comparison  of  GaAs  growth  with  various  OM  As 
sources  (e.g.  TMAs,  TEAs,  TBAs)  [ Provides  a  basis  for  choosing  OM  As 
sources,  as  well  as  new  information  about  cracking  mechanisms  of  these 
materials .] 

•  Development  of  a  quantitative  method  for  extracting  sheet  trap  density  (by 
DLTS)  for  local  interfacial  trap  concentrations  which  exceed  the  background 
doping.  [Required  for  accurate  analysis  of  the  quality  of  interrupted  growth 
interfaces .] 

•  Performed  pressure  dependent  DLTS  measurements  on  LRP  samples  with 
cooperation  from  Dr.  G.  A.  Samara,  Sandia  National  Laboratories.  [Improves 
current  understanding  of  energies,  capture  cross-sections,  and  microscopic 
mechanisms  for  deep  level  traps  in  GaAs  ] 

•  Fabrication  and  analysis  of  temperature- switched  and  flow-switched  GaAs  test 
samples  which  revealed  that  GaAs  deposited  at  low  temperatures  is  the  origin  of 
deep  levels  at  LRP  interfaces. 

•  Demonstration  of  temperature  switched  growth  (LRP)  of  GaAs  with  high 
quality  growth-interrupted  interfaces.  Deep  levels  can  be  eliminated  by  using 
fast  temperature  transients,  and  low  to  moderate  growth  rates. 

•  Fabrication  of  AlGaAs  passivated  MESFETs  (in  collaboration  with  Avantek) 
using  LRP-grown  GaAs  and  AlGaAs  layers. 

•  Growth  of  conformal  passivation  layers  of  AlGaAs  on  mesa-isolated  GaAs  p+n 
diodes.  [Initial  results  indicate  reverse  leakage  current  reduced  by  a  factor  of 
two  compared  to  untreated  diodes.] 

•  Investigation  of  various  GaAs  surface  preparation  techniques  prior  to  deposition 
of  passivation  layers. 
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1.3  II-VI  Highlights 

A  rudimentary  LRP  reactor  was  constructed  in  order  to  study  heteroepitaxial  growth 
of  II-VI  compound  semiconductors  such  as  ZnTe,  CdTe,  and  ZnTe  on  GaAs  substrates. 
Growth  of  such  materials  poses  a  number  of  additional  difficulties  compared  to  growth  of 
Si  or  III-V  layers.  A  variety  of  optical  and  electro-optical  devices  depend  upon  the  ability 
to  control  doping,  composition  and  thickness  uniformity.  Our  research  in  this  area  has  led 
us  to  explore  a  unique  combination  of  LRP  and  atomic  layer  epitaxy  (ALE)  in  order  to 
achieve  self-limited  growth  with  atomic  layer  control.  The  following  is  a  list  of 
achievement  highlights  in  our  work  on  II-VI  compounds: 

•  Demonstrated  temperature-switched  growth  (Limited  Reaction  Processing)  of 
ZnSe,  CdTe,  and  ZnTe  materials.  Specular,  high  quality  films  were  obtained  as 
demonstrated  by  photoluminesence  and  RBS  channeling. 

•  Demonstrated  the  ability  to  grow  high  quality  (100)  CdTe  on  (100)  GaAs 
substrates  by  growing  an  ultra-thin  ZnTe  layer  (20  to  100A)  on  the  the  GaAs 
surface  before  CdTe  growth.  [This  shows  that  LRP  is  a  viable  technique  for 
producing  thin  multilayer  II-VI  structures .] 

•  Demonstrated  the  ability  to  grow  high  quality  (111)  CdTe  on  (100)  GaAs.  [The 
ability  to  grow  both  orientations  of  CdTe  on  (100)  GaAs  has  important 
applications  in  infrared  detector  systems  (HgCdT e)  and  novel  II-VI  structures 
for  non-linear  optical  devices .] 

•  Achieved  p-type  doping  of  ZnTe  using  an  arsenic  organometallic,  and  n-type 
doping  CdTe  using  trimethylindium.  The  Hall  mobilities  and  carrier 
concentrations  were  found  to  be  14  cm2/volt-sec,  1018/cm3  and  400  cm2/volt- 
sec,  1016/cm3  respectively. 

•  Demonstrated  the  ability  to  control  temperature  uniformity  to  within  +/-  3°C 
during  growth  of  CdTe  using  a  thin  graphite  wafer  holder.  [Temperature 
uniformity  is  important  in  II-VI  systems  because  of  the  strong  dependence  of 
growth  rate  and  native  defect  concentrations  on  temperature .] 

•  Completion  of  a  study  on  the  physisorption,  chemisorption,  and  decomposition 
of  a  variety  of  important  II-VI  organometallic  precursers.  Characterization  of 
these  properties  was  obtained  using  the  Temperature  Programmed  Reaction 
(TPR)  technique.  The  study  yielded  results  that  are  important  to  understanding 
both  conventional  and  self-limited  growth  (i.e.  ALE)  of  II-VI  compounds. 

•  Invented  and  developed  a  new  form  of  atomic  layer  epitaxy  using  LRP.  This 
LRPALE  technique  was  applied  to  the  growth  of  II-VI  compounds  using 
organometallic  precursors.  We  have  established  regimes  in  which  growth  rate 
is  independent  of  concentration  over  a  wide  range  of  concentrations. 
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